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TECHNICAL NOTE NO. 1408

INSTANTANEOUS ULTRAVIOLET KNOCK SPECTRA CORRELATED
WITHE HIGH-SPEED PHOTOGRAPHS

By M. A. Birshfeld and Cearcy D. Miller

SUMMARY

An Investigation was conducted to obtaln a record of any cheme
ical changes directly associated with knock in & spark-ignition
engine on & greably magnified time scale by means of coordinated
high-speed motion pictuwres and spectrograms. On the basls of
earlier high-speed motlon pictures of knocking combustlon, knock
was assumed to occur in the form of a wave that traverses the come
bustion chamber at speeda greater than the speed of sound. By
using a high-voltage underwater spark of extremely short duration
(ebout 10 microsec) and high intensity, absorption spvectrograms of
the combustion gases were obtained for a very short interval of
the combustion cycle. Such spectrograms were taken before and
after the occurrence of knock, High-speed motion pictures of the
same cycle were taken and served to establish the time of exposure
of the spectrogram relative to the combustion process. The engine
was fired for only one cycle during each run., Qusartz windows in
the cylinder head sllowed the passage of light through the end
zone of the combustion chawber.

Spectrograms taken in the near ultraviolet range are presented.
Of the bands that would be expected to occur, only the hydroxyl-
radical bands near 3064 and 281l angstrom uvnits appeared. These
bands first appeared when combustion started in the end zone and
became strongsr as cowbustion progressed in that region; the banda
also appeared after knock. Therefore, there was no positive
evidsnce of a chemical change that would affect the absorption
spectrum in the reglon from 2600 to 4000 angstrom units. ILines of
capper, silver, and iron, present in the combustion-chamber walls,
slsc appeared in the spectrograms; these lines were directly asso«
clated with knock; that is, they 4ld not appear in the spectrograms
taken before lknack but did appear in those taken after knock, The
occurrence of metallic absorptlion is probably not directly asso-
clated with a chemical reaction, but apparently conditions produced
by the knock reaction are responsible for their appsarance.
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INTRODUCTION

The chemistry of the combustion associated with kmock in the
gpark-ignition englne has heen under investigabtion for many years.
Although the eoxact nature of elther normal or¥ kmnocking combustion
is not known, some specific differences between the two have been
observed. Inh 1932, Passweiler and Withrow studied the emission
spectra of flames in a gasoline engine and showod (reference 1)
that the last part of the charge to burn, the so-called end zons,
emits the typlcal bands of hydrocarbon flamed with less intensity
in knocking than in nonknocking combustion. The same authors
gtudied the absorption spectra of engine flames in 1933 (ref-
erence 2), The presence of formaldehyde and other unidentified com-
pounds was Iindicated in the end zoneé Dbefore the arrival of the
Tlame whenever knock occurred; if no knock occurred, no formal-
dehyde appeared. These results were interpreted as indicating the
asgoclation of knock wilth elow oxidation in the end zons before
the arrival of the flame. A large increase in the concentration
of nitrogen oxldes in the exhaust ges during knocking operatlon
ap compared with nonknocking operation was shown in 1957 by Hanson
and Egerton (reference 3).

The chemical reactlons studied in the work of references 1 to 3
were those of the combustion process as a whole rather than reactions
ldentified chronologlecally wilith the occurrence of knock, That knock
may be distinguished from the rest of the gowbustion process is
evident from photographs taken with the NACA high-speed and ultrahigh-
speed camerss (references 4 to 7). In 1943, Miller and Olsen (ref-
erence 4) showed that knock 1s characterized by a very ravid change
in the appearance of the combustion gases as recorded by the high-
epeed camera at 40,000 frames per second; this change consista in the
blurring of the inflamed reglon followed within s very short time
by the complete clearing of the combustion chamber of all visual
evidences of combustion. In some photographs in reference 5, knock
is camplete in less than 50 mlcroseconds. The blurring, or rather
the phenomenon dlrectly responsible for the blurring, is referrod to .
as "knock" in ‘the present report.

In reference 6, analysis of the motion plectures showsd that
knock occurs in the form of a wave, similar in many respects to a
detonation wave, traveling initially at rates ranging from the specd
of sound in the burned gases to twice -that speed. Thils concluslon
is supported by s motion pilcture of knock taken at the rate of
200,000 frasmes per second (reference 7) The photographs in ref-
erence 7 show & wave, Interpreted as knock, which started from the
rear edge of the combusticn zons and traveled through the incom-
pletely burned gases at a speed sbout twice that of sound in ths
burned gas. :
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The precipitation of incanlescent and opague particles (preo-
sumably free carbon) immediately after the occurrence of knock has
been shown in the motion plcvures in reference 7, in figures 6 and 7
of reference &, and in other motion pictures as yet unpublished;
this effect may be considered evidence of chemlcal reactions asso-
clated with knock different from the chemlcal reactions in non-
knocking combustion.

The obJect of the present investigation was to determine whether
any other evideace of a chemical reaction concurrent with knock could
be found by comparing the absorption spectra of the combustion gases
before and after kncck. DBecavse many of the final and intermediate
products of the combustion of hydrocarbons have characteristic bands
in the visible and near ultraviolet regions, it seemed likely that
the occurrence of a chemical reaction could be shown in thia way.

By the use of an lntense light source of very short duration in
conjunction with a fast spectrograph, a satisfactory exposure of
an sabsorption spectrum was obtalned im an intexval of approximately
7 microseconis during one firing cycle. A high-speed schliersn
motion plcture of tiie same cycle was teker and served to establish
accurately and graphically the time at which the spectrogram was
expoged relative to the occcurrence of knock. The extreme require-
ments with respect to intensity and duration enforced compromises
in the design of the ligh®t source, which made it not entirely
satisfactory in other respects, such as continulty of the spec-
trum, fresdom from interfering lines, and uniformity of intensity.

APPARATUS AND PROCEDURE

The combustion apparatus, which has been described in its
original form in reference 8, is a single-cylinder engine of
5-inch boire and T7-inch siroke with a specislly designed cylinder
head that allows a view of a large part of the combustion chamber -
through glass or quartz windows, The cylinder and the head were
maintained at operating temperature by circulating heated glyc-
erine through Jackst passages. The engine wes turned up to speed
by an electric motor and was fired for only one cycle.

For the present investigatlion the engine was adapted to spark
ignition and to ultraviolet spectroscopy, as indicated in figure 1.
As may be seen from the figure, the visible portion of the combus-
tion chamber has the shave of a flat disk. The flat-disk portion
of the shamber is connected with the interior of the engine cylinder
by a vertical passage whose cross sectlon is a narrow rectangle.

In adapting the engine, as described in references 8 and 9,
to spark ignition, the changes necessary were the installation of
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spark plugs, a decrease in the compression ratio, and changes in
the fuel system., The effective compression ratio computed from the
measured meximum compression pressure was about 8.0. The fuel

was Injected directly into the cylinder at about 160° B.T.C. to
allow enough time for evaporation in the cylinder. Because the
variation in the amount of fuel evaporated made knowledge of the
fuel-air ratio uncertain, the fuel quantlity was set by itrial and
error for meximum knock at the prevalling conditions.

In adapting the cylinder head to aspectroscopy, fused quartz
windows (1 in. thick and 3% in. in dlameter) instead of glass were

used on one side of the combustion chamber to tranemit the ultra-
viclet light. A stellite mirror on the opposite side returned the
1ight through the cowbustion chewber. With this arrangement the
light beam for the spectrogram traversed the combustion chamber
twice, making & total path length of 2 inches,

In order to facilitate synchronization ofthe combustion and
vhotographlc events, the timing of the fuel injJectlon, the ignition
gpark, the camera shutter, and other events was accomplished by
ad Justable electrical contacts coupled to the crankshaft. A system
of interlocking relays assured that the various events occurred
only during the firing cycle.

The followlng engine operating conditions were held constant:

Jacket temperature, OF . . . « « + 4 & o v ¢ o o o ¢ ¢ o o ¢« « « 250

Spark advance, deg B.T.C. . . ¢ 4 4 « o ¢ o s o ¢ o o o s « o+« 15
FUBL v 4 4 v s o v s o o o o o s o o « o o o 4 0o 4 0 e 0 0 e . . M4
Engine speed YD 4 o 4o 4 ¢ 4 s e 4 4 4 o 5 6 4« s e« ¢ o« 600
Intake pressure and temperature ., . . « . . . . . . . . Atmosphoric

(M-4 is a reference fusl with a rating near the zocro end of the
octane scale.) '

A gchematic view of the optical system is given in filgure 2.
The light source used for the absorption spectrograms was a high-
voltage underwater spark. The light from the spark was collimated
by a quartz lens and then ontered the combustion chamber through
the guartz windows; the stellite mirrocr on ths far side of the
chamber returned the light along a peth that made a small angle with
1ts original path. After passing through another quartz lens, the
light was reflected through a right angle by a quartz prism and
formed an imege of the spark on the spectrograph slit, In order
to prevent reflections from the quartz windows from entering the
spectrograph, both windows were tilted by meens of spacers to
deflect the reflections from the optical axis.,
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A Gabrtner Sclentific Corporation small quaritz spectrogravh,
whlch has feirly high photographic speed (camera-lens relative

aperture, sbout £/8) but low dispersion {50 A nmer mm at 3000 A),
was used to record the spectra. The characteristics of the photo-
graphic plates used (Eastuwan spectroscoplc plates 103-Q) and of
the optical system, combined with the low dispersion of the
spectrograph for wavelengths greater than 4000 angstrom units,
made observation difficult in this region.

The. optical system as set up exhibits what may be called a
schlleren effect, Any light from the spark that was appreciably
refracted by the gases in the combustion chamber could not be
focused by the second quartz lens on the spectrograph elit. During
combustion, temperature and density gradients exist, which are
probably large enough to cause a considerable loss of intensity
in the spectrogrsms taken close to the time of knock, especially
those taken immediately before knock.

The underwater spark consisted of a condenser dlscharge scross
a spark gap that was under distllled water; the spark-box design
was copied from the one described in reference 10 with minor
changes. The energy source was an 0.08-microfarad condenger charged
to 50 kilovolts. The durabtlon of the spark was determined by
focusing an image of the spark on a high-spsed rotating film
drum and measuring the streak produced on the developed film. The
duretion was approximstely T microseconde and the intensity was
sufficient to yleld a satisfactory exposure with one dlscharge. =
The spectrum of the light source was continuous frcem 50600 to 2500
angstrom unite, except for some absorption bands due to hydrozyl
radicals in the wabter vapor near the spark and some metallic lines
due to the electrodes, Gold eslectrodes were used to minimize the
number of lines from thig source.

The underwater spark was set off at predetermined times by
means of the circuit shown in figure 3. In series with the main
spark were an alr gap and an auxillary low-voltage spark actuated
by the contactor coupled to the crankshaft. The variation in time
of occurrence of the undexwater smpark from run to run was approx-
imately 3° of crenishaft rotation. No better reproducibility was
necessary because the variation in time of occurrence of knock was
greater than 3° of crankshaft rotation; as a result, spectrograms
exposed at various times before and after knock were obtained with
4 few fixed settings of the underwater spark, " L

The photographs of combustion were taken with the high-speed
motion-picdture camera (reference 11) at the rate of 40 OOO frames

Thoe Yy
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per second, using schlieren 1llumination; the path of the light is -
ghown in figure 2. Light from a 108-watt ribbon-filament bulb was

condensed, reflected toward the englne along the optlcal axis of

the camera by a smell mirror in front of the camers objective lens,

and then collimated by the large schlieren lens. A mirror M near

the engine reflected the light through a rignt angle into the com-

bustion chamber; the light was then reflected by the stellite mirror

back to the camera obJective along a path that made a small angle

wlth the original path; the camera objective lens formed (through

the camera's internal optics) an image of the combustion chamber on

the film. The light rays entering the combustion chamber were par-

allel; so the mirror M had to be at least as large as the chamber

window. Becsuse the light path was normal to the stellite mirror,

the mirror M was directly in the way of the spectrographic light

beam, One cormner of the mirror M was therefore cut away to allow

a path for the spectrographic light beam; the corresponding part

of the combustion chamber, which is the upper right gquadrant of

the combustion chamber as seen in figure 1, does not appear in the

motion picture. Sowme light from the underwater spark registered

on the high-speed photographs and was used to 1ldentify the motion- e
picture frame exposed at the same time as the spectrogram. On the «
other hand, some of the light from the schlieren light source entered

the spectrograph and interfered with the spectrograms. Trial expo-

sures, under conditions similar to thoee for which the combustion .
gpectrograms were taken, showed that the spectrogram of this light

source wag continuous and very weak, with sufficient inftensity to

affect the plate only at wavelengtha greater than 4000 angstrom units.

METHOD OF ANALYSIS OF DATA

The time at which a gpectrogram was exposed relative to the
occurrence of knock mey be determined directly from the high-speed
photographs because enough light from the underwater spark entered
. the camera to racord on the photographs. (See fig. 4, frame E-3.)
The accuracy of the method is limited by two factors: (1) Some
difficulty in identifylng the frame in which knock occurs resulte
in an uncertainty of ons or two frames; and (2) the fact that each
Trame is exposed for 25 microseconds introduces some uncertalinty
in the time of occurrence of the spark, inasmuch as the spark may
have taken place at any time during thls interval. The maximum
error in determining the time interval between knock and the spectro-

gram exposure 1is thought to be about 1§ frames or 37 microseconds.

When the spark occurred very close to knock, it was sometimes impos-~
g8ible to tell which came first; they were then assumed 1o have
occurred simultaneously.

Ed
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The measurement of wavelength In the spectrograms was made by
comparison with an overlapping mercury speciruam, The positicns of
the lines were measured with a trareling wicvosccps to 0,001 milli-
meter (0.05 A at 3000 A)., The wavelength of known lines chpcked
to within 1 angstvrom unit.

The Intenslity of the abeoxrptiion linss and ba:xds was measured
on a Leeds and Norshrip recording uicropnotometer. With suitable
adJustment, the instrument records directly the photograghic de =

gity D of the nezative.

For the purposes of this report the intensity, or relative
density, of an gbsorption line I; was defined as the photographic
density of the line relative to the photographic density of the
continuous background near the line:

I, =D, ~ D, = log Io/It,c - log Io/It,l = log I_b’l - log Iy
where
Dc photographic density of continuum -
DZ photographic density of absorption line
I0 original intensity of scanning beam
It,c intenslty of scanning beam after passing through continuum
It,z intensity of scanning beam after passing through absorption

line

The density of the continuum is taken as the average of the den-
slties of the adjacent regions .where no absorption lines are
present.

Wlth certain assumptions, the relative density defined is
proportional to the logarithm of the percentage of light absorbed
from the incident beam (at the wavelength under consideration) by
the combustlon gases. The most important of these assumptions is
that the photographic density is related to the light incident on
the emulsion by the equation: -

D =vylog B
whers

E exposure of emulsion, meter-candle-seconds
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4 constant characteristic of the emulsion defined by means of »
this equation '

For the type of plate used, this eguation is valid for values of D
from 0.2 to the largest values that caen be measured with the micro-
photometer. For asmaller values of D, E decresases more rapidly
than the equation indlcates.,

Unfortunately, the values of the denegity measuvred were not
always large enoagh for the equation to apply. Becauce of the
schlieren effect in the optical system providing light to the
spectrograph, much of the light from the underwater spark dld not
reach the spectrograph., Consequently, the background intenslty was

somstimes so low that elther Dl or Loth Dz and Dc were below

0.2, In such cases, because of the nature of the deviation from

the equation, the resulting values of the relative density were
always too low to indicate accurately the absorption by the burning
gases. The runs for which this condition obtained are clearly marked.

RESULTS ' "
Two typlcal motion pictures are ghown in figures 4 and £. The
motion picture progresses from left to right acrosa sach row and from "
the top down for successive rows; the order of frames is
A-1, A-2, . . , A-12, B-1, B-2, . . . . In the first frames of these

figures; the combustlon chawber apwears as a white circle with one
quarter cut out; the cut-out quarter represents the part of the conm-
bustion chamber through whiclh the spectrogrems were taken. The white
field represents the undeflected schlieren illumination. The progress
of the flame is marked by an irregular, dark, mottled zone, which
moves across the chamber from right to left in the photographs,
although to what extent energy is being released in different parts

of the mottled zone is uncertain.

A run in which the spectrogram was exposed several frames after
knock is presented in figure 4. In frame A-1l, the flame has already
started across the combustion chamber from the upper right, By
frame D-8, the flame has swept across the visible part of the chamber
and, from the appearance of this and the earliler frames of the series,
the flame probably had also swept across the region through which
the gpectrogram was taken before the exposure of frame D-8. The
only change between frames D-8 and D-11 1s a elow partial disinte-
gration of the mottled region. Comparison of frames D~11 and D-12
shows & blurring in what is left of the mottled region; by frame E-1,
the blurring has covered the mottled region. (The blurring may not
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appsar in the reproduction as clearly as it does in the original.)
This blurring is considered an indication of knock (reference 4).

In frame E~3, the illuminsted region in and near the normally dark
guarter, 1ndicated by an arvow, is caused by the light from the
umderwater spark and marks the time of exposure of the spectrogram,
The spectrogram was therefore taken two or three frames after the
occuzrence of knock, T

A run in which the spectrcgrem was eiXposeld simultaneously with
knock is shown in figure S5, Kaock is seen to occur in frames D-7
ané D-8, and the light from the undeiwater epark appears in the
same freawmes,

A number of typical spectrograms are shown {as positive prints)
in figure 6, together with an approximate wavelength scale in ang-
strom units. (In all, 60 spsctrograms were taken and the conclusions
are based on all of them ratber than on those in this figure).
Mercury spectra overlap mcst of the spectrograms for more precise
vavelength messurement. The spectrograms are arranged in chroh-
ological order relative to the occurrence of knock except the first
spectrogram {(fig. 6(a)).

The spectrogram of the source (fig. 6(a)), taken in the same
way as the test spectrograms except that the engine was not oper-
ated, shows the continuocus spectrum of the underwater spark; the
absorption lines marked are dve to the gold electrodes. The OH
bands at 3064 angstrom units also appear very faintly in the orig-
inal (they may not appear at all on the reproduction). The relative
denslty of the OH bands on this spectrogram is 0.05; the relative
density of the OH bands in any spectrogram of the source does not
exceed 0.20 and averaged about 0.10. The sensitive lineg of copper
and silver sometimes appear, but always very faintly., Some bands
or lines of unknown origin sometimes avpear in the spectrograms of
the source when the background intensity of the continuum is low;
these lines do not appear in figure 6(a) dut their position is
marked "X". Because these lines were always wéak and diffuse, the
wavelength could not be satisfactorily determined.

The intensity of the continuum varied considersbly from run
to run. Part of this variation was due to lack of uniformity of the
undervater spark but, in addition, the intensity consistently
docreased as the burning progressed scross the end zomne; after knock
the intensity increased again. These changes appear in figure 6
as a decrease in the whiteness of the continuum fram figure 6(a)
through figure 6(e), followed by an increase in whiteness in the
later spectrograms, The decrease in intensity coincided approxi-
mately with the appearance of the dark mottled region in the end
zone in the high-speed photographs and wae in part due to the



10 ' ' ’ " NACA TN No. 1408

schlieren effect in the spectrograph optical system. Continuous Y
abgorption by the combustion gases may alsc have been present.

The decrease in intensity referred to in the previous para-
graph was more marked in the ultraviolet then in the vieible end
of the spectrum., 'This effect resultes in a shortening of the ultra-
violet end of the spectrograms, which is evident in figure 6; noue
of the spectrograms exposed during combustion extend as far into
the ultraviolet as the comparison spectrogram. Analysis of micro-
photometer records of all the spectrograms confirmod the fact that
the decrease in density 1s greater in the ultraviolet (at wavelengths
shorter than 3000-3200 A) for those spectrograme exposed during
combugtion, The variation in intensity may be due to continuous
absorption in the ultraviclet by the combustion gases or to selecctive
action of the schlieren effect.

The most prominent lines in the series of spectrograms are
those of the hydroxyl radical (0H) absorption band at 3064 ang-
gtrom units. Before the flame reaches the region through which the
spectrograms are taken (the end zone), the spectrograms are similar
to those of the source (fig. 6(a)), and show no additional ebsorption, v
As ‘the flame progresses through the erd zone, the OH bhands become
stronger, ag in figures 6(b) and 6(c); this relation is shown more
clearly in figure 7. When the flame has awept through most of the .
end zone, the bands are very strong and the OH bands at 2811 ang-
strom unlte also appear as in figures 6(c) and 6(d4). The increased
intensity 1s maintained after knock as shown by figures 6(e) to 6(h).
No date were taken sufficlently long after knock to determine when
the intensity starts falling off.

A graph is presented in figure 7 showing the relative denslty
of the OE bands asg a function of the instant of exposure of the spec-
trogram relative to knock. The points marked with arrows represent
spectrograms in which the background intensity was low and the rel-
ative density is probably too low to be truly representative of the
absorption by the burning gases for reasons previously glven. The
relative density of the OH bands has a low value (probably zero,
1f the absorption in the light source 1s taken into account) before —
combustion, and increases as the flame sweeps across the end zone. )
An apparent increase appears in the density immediately after knock
(within 5 fremes) but cloge examination shows this increase to be
only apparent becausge all the points less than 10 frames before knock
gre labeled with arrows; because no correlation exlsts between the
plotted value of such & point and the absorption by the burning gases
(except that the plotted value is always too low) the selectlve absorp-
tion may be as great beforse knock as after. It may be concluded there-
fore that there was considerable OH absorption before and after knock.
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The spectrograms taken after knock (figs. 6(e) to 8(h)) have
many lines in common that do not. appear in the spectrograms taken
before knock such as the lines marked Cu and Ag 1in figure S(e)_
and fe, Na, and Mn, in figure 6{f). A numwber of lines have
been identified as Fe lines, bub are unmarked on the figure. The
lines that have been 1dentified in some of the spectrograms taken
after knock are listed in table I.

A spectrogram and & microphotometer record showing all ths lines

and bands that have been identified are shown in figure 8; this
gpectrogram was exposed 51 frames after knock. The microphotometer
trace was reduced to the same scale as the spectrogram to facllitate
comparison. Many lines nct visible in the reproduction of the spec-
trogram are clearly vislible in the microphotometer record and were
visible in the original negative or the spebtrogram.

A characteristic Ffeabture of the metal lines is the suddennsss
with which they appear after kuock. Spectrograms of figures 6(8)
and 6(e) correspond to the motion pictures of figures 5 end 4,
respectively, and were taken very close to the time of knock., In
figure 6(d) (fig. 5), which was taken simultaneously with knock,
however, none of the metal lines appear, whereas in figure 6(e)
(fig. 4), which was taken within two frames or about 50 micro-
seconds after knock, the copper and silver lines appear very prom—
inently and the iron lines faintly. In one spectrogram (not _
included in the figure because it was taken under slightly differ-
ent conditions), the copper and silver lines appear within ons frame
of knock, though with less intensity than in the later spectrograma.
The metal lines appear in all the spectrograms taken after the .
occurrence of knock, but never before knock sexcept that the copper
and silver lines sometimes appear in spectrograms taken befors
knock with very low relatlive density, comparable to that with
which the same linses appear im sgome spectrograms of the source,

The copper and silver absorption, in all cases before knock, prob-
ably took place in the light source rather than in the combustlon .
chamher.

DISCUSSION

The molecular bands that amight be expected to appear in the
combustion gas spectrum are the HC bands, the Swan (C ) bands,
the hydroxyl (OH) bands, and the hydrocarbon (or ethylane) flame
bands. Of these, the OH bands are the only ones that appear
in the spectrograms obtained in this investigation, The Swan
bands are near the limit of sensitivity of the plates used znd
would not record unless very strong; the HC bands have beon
observed in emission but never in sbsorption (reference 12); and
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the hydrocarben flame bands Lwave been obser?ed in Bugen flames but
not in engine combustion spectra.

In addition to the bands asgociated directly with hydrocarbon com-
bustion, the spectrograms were carefully checked for the followling
bands; NO (3C09, 2860 A), ECHO (2839, 2931, 3033, 3135 A), CO
(third)positive bands, 2833, 2977, 3124, 3305 A); CN (3883, 3871,

3862 A),

No spectrogrems exposed befoire the arrival of the flame Tront in
the end zone showed any characteristic absorption. Although Rassweiler
and Withrow (reference 2) reported the occurrerde of foxmaldehyde banda
neay 3200 angstrom mwmilts in the speotrum of the unburned charge before
knock, these bands were not observed in the spsctrograms taken in the
Present invesigation. The absonce of these bands mey have been due to
the fact that the type of kmock observed was different from that obssrved
by Rassweller and Withrow. The high-speed motion pictures of this report
showed no evidence of the preknock reactions regerded as early stages
of autoignition in reference 8.

The appearance of the OH bands appears to he associated with
the progress of the flame front through the eénd zone, The bands
first dppear when the flame front starts across the end zoue and
grow in intensity as the flame crosees the end zone; the bands appar-
ently persist with approximately the same intensity after knock,

This result is not what might be expected on the basis of Ressweller
and Withrow's observation (reference 1) that the OH emission ia
less intense in the detonating zone as compaied with the rest of the
combustion chamber when knock occurg; the difflerence may therefore
indicate that the two methods did not involve comparable conditionasa.

The high~spsed photographs of this ard other reports show knock
as an' oxtremely rapid transformation in the appearance of the com-
bustion gases. This change hag been interpreted as being caused by
a wave, similar to a detonatlon wave, traversing the combustion
chamber. The data obtained in the course of this investigation do
not sghow positive evidence of any chemical change that affects the
abgorption spectrum in the region from about 2600 to 4000 angstrom
wnits. The appearance of the metal lines may throw some light on
the physlcal characteristica of knock, The occurrence in the
emisgion spectra of explosion flames of linss characteristic of tlhe
metals of the wall of the explosion vessel has been reported in
several instances (references 12 to 14)., As reported in these sources,
the metallic lines occur in the spectra of violent explosioms rather
than in those of wesk explosions or steady combusgtion.
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CONCIUSTONS

«The results of the preliminary spectrographlc investigation
of gbsovption lines in the near ultraviclet correlated with high- -
gpeed photographs have been negative as to the demonsbtration of any
chemical change occurring at the instant of knock and also neg-
ative as to the demonstration of the presence of sny molecular
gpecies in the burniug charge before kmock that might contribute
to the cause of knock. The practlcabiilty of the technlque has
been demonstrated, however, and the negative results are of value
becauae they indicate the virtual abeence of numerous molecular
species the presence of which might otherwise be postulated.

In view of the dewonstrated feasibility of the method, con-
tinuved work might prove fruitful. Such continued work could
include investigation of spectral regions other than the one
dealt with in the present report, and might incluvde reinves:
tigation of the near ultraviolet wlth an sttempt to Increase the
degree of dispersion. Investigations might be made with other
fuel types and with different englne operating coniditions. In
further work, spectrograms of normal nonknocking combuation
should be taken for comparison with the knmock spectra. =~ =~ 7

Flight Propulsion Research Laboratory,
National Advisory Committee for Aeronsubics,
Cleveland, Ohio, May 16, 1947.

REFERENCES _ - R
1. Ressweller, Gerald M., and Withrow, Lloyd: ZEmission Spectra of
Engine Flames. Ind. and Eng. Chem., vol. 24, no. 5, May 1932,

Dp. 528-538.

2. Rassweller, Gerald M., and Withrow, Lloyd: Spectrographic Detec-
tion of Formaldehyde in an Engine Prior to Knock. Ind. and

Eng. Chem., vol. 25, no. 12, Dec. 1933, pp. 1359-1366.

3. Hanson, T. K., and Egerton, A. C.: Nitrogen Oxides in Internal
Combugtion Engine Gases. Proc. Roy. Soc, (Zondon), ser. A,
vol. 163, no. A91l2, Nov. 5, 1937, pp. 20-100. ~

4, Miller, Cearcy D., and Olgen, H. Lowell: Tdentification of Knock
in NACA High-Speed Photographs of Combustion in a Spark Ingition
Engine, NACA Rep. No. 761, 1943.



14 NACA TN No. 1408

5. Rothrock, A. M., Spencer, R. C., and Miller, Cecarcy D.: A High-
Speed Motion-Picture Study of Normal Combustlon, Knock, and
Preignition in a Spark- Ignition Engine NACA Rep. No. 704,
1941.

6. Miller, Cearcy D.: Relation Between Spark-Ignition Engine Knock,
Detonatlion Waves, and Auvtoignition as Shown by High-Speed
Photography. NACA ARR No. E8C22, 1946.

7. Millor, Cearcy D., Olsen, H, Lowell, Logan, Walter 0., Jr., and
Ostergtrom, Gordon E.: Analysis of Sgark-Ignition Engine Knock
as Seen in Photographs Taken at 200,000 Frames & Second, NACA
ARR No. E6D23, 1948. '

8. Rothrock, A, M.: The NACA Apparatus for Studying the Foirmation
and Combustion of Fuel Sprays. NACA Rep. No. 429, 1932.

9. Rothrock, A. M., and Waldron, C. D.: Some Effects of Injection
Advance Angle, Engine-Jacket Temporature, and Speed on Com=
bustion in a Compression-Ignition Engino. NACA Rep. No. 525,
1935.

10. McNicholas, H. J.: Use of the Undor-Water Spark with the
Hilgsr Sector Photometer in Ultra-Violet Spectrophotometry.
Res. Paper 33, Bur. Standards Jour. Res., vol. 1, no. 6,
Dec. 1828, pp. 939-949, :

11. Miller, Cearcy D.: The NACA High-Speed Motion-Picture Cemera.
Optical Compensstion at 40,000 Photographs a Second. NACA
ACR No. EBC25, 1948.

12. Gaydon, A. G.: Spectroscopy and Combustion Theory. Chapman &
Hall, Ltd. (London), 1942,

13. Bell, J.: Spectrographic Studies of the Explosive Combustion
of Methane. Proc. Roy. Soc. {London), ser. A, vol, 158,
no. A894, Jan. 15, 1937, pp. 429-454.

14, Smith, E. C. W,: The Emiseion Spectrum of Hydrocarbon Flames.
Proc. Roy. Soc, (London), ser. A, vol. 174, no. A956, Jan. 12,
1940, pp. 110-125.



NACA TN No. 1408 15

TARLE I - ABSORPTION LINES IDENTIFIED IN
SPECTROGRAMS TAKEN AFTER KNOCK
[Wavelength in angstrom units ]

Iron

(a)

Copper

(b)

Silver
()

Gold

Other

(c)

2720
2737
2744
2756
2772
2788
2937
2948
2954
2067
2973
2984
2994
3001
3008
3021
3025
3038
3048
3054
3441
3466
3475
d3581p
dz720p
23737:»
3746
3749
43560p

d

13248p

32T4p

3280
3383

42676
2748
3122

3303 Na
2796 Mg or Mn
2798 Mn
2802 Mg or Mn
2852 Mg
3493 Mn

8gtrongest lines of iron arc.
of spectrograms taken afier knock.

appeared but are not ligted.

At least some appeared in moat

Other iron lines

bAppeared with great intensity on every spectrogram taken
after knock.

Cappeared on many of the spectrogrems taken after knock. The
identification is somevhat uncertain because not enough
other lines are avallable as checks. - -

dpgrsistent lines of element.



Fig.

*snietedde voiisnquwod (uojljubt
-jJedsS) YOVYN JO 42Queyd uOI31SNQWOD ;O SMBIA [BUOI1I8S 3p|S PuUR luoug - °| 3unbiy

— J0JJ Ju
CFRRNLRS

dnyo\d
84 N5S34d

T T R

- o

ALY H
L R R IR R AT
v

D 7
l.'\\
SAIRA Jo||ad \ \&. &
uo|ssal duo?) o .
A JRA _

J8QURYD UO|1SNquo)

1408

uo11seluy~jeny

SO LNYNOEIY HOJ T3LLINNOD
AHOSLAGY TYNOILVN

NACA TN No.

" B 1% . _ o .- . . ToG=]C>



1408

NACA TN No.

Fig.

L g6 o PR : _ e o5pese2

v - - »
*vi10ads
uojiydiosqe pue s9an3oid uvollow snNoadury|nwis Buixel 10 weilshks (ed211dp - *Z 94n614
[ / .
18Qqweyd yOo|! }SNGWOD— | 10041w
— 31111938
X
SMODU 1M
-1 zyaend
suay
usla | Jyog
1044 iW
eat3oafqo
eJduwe)
N Jouasin
Jasuapuo) /\
qing 3y
W doJd N ydesbosysadg
SOSUR |
zi4end

SOILNYNOYIV ¥04 33LL1WW0D
AYOS1AQY IVNOILIYN

yseds
ur;;ovca



‘Fig. 3

1408

NACA TH No.

1102010
buiBiwyd o]

*yiwds J21eMISpuUn U0y LiN2d1D

~— A

dub

Y] h..a___xsar\

O

2p0.L1D3 | @
- wieds tosiuo)

J9SUSPUOY  mmesulemmmm
AY-0G- ‘P3U=80"0

{2312138 19 40 weabeq

~ *¢ 3anbBiy

s1ovucd (eaymk(}; pue Aejas o

- I'1o3
wedg ¢

x0q
winds Je1eMispun

———-1-—-—-—'
—— —— i p———

r
|
|
|
1
1
l
t
|
i
!
i

SJ1LNYNOHIY ¥0d 3ALLIVNGD

AYOSI AQY TYNOILYN

(g™ ]



1408

NACA Th No.

Figs. 4,5

*jyoouy JO 9JuUBaundd0 ‘Y fweufosirssds Jo Isunsodxe o

piooea ‘moray cweiabBosioeds yiim L£|SNoOPUVI[NWYS S4NDD0 joouy *sniviedde uojisnquod
(uojjtuby-yaeds) YO¥YN u| @245 Buxo0uy 40 @4n3o1d uojjow paeds-ybiy ~ °g ainb )4
copoQrse
or-z-¥ 1.
929¥1-D
YawN - " y . .+, - -
_ ' o e g g ") %o qv
“joouy 4O 8oussdndsao ‘y fweabouizosds jo asnsodxa
40 pJodes ‘mosuy cweiboaineds el0y9q SaWeNy Z SINIDO0 HO0Uuy “snireaedde uwo|3SNqWoD
aco_u_cm_nxguamw VOVN U| @|94KD2 Buiyoouy 4o 21n3o51d uotiow paads-yBin - *p 4nb gy
3
N ] _ _
e e s Oy T s L _ ", . .
& & & ¢ ¢ ¢ ¢ & _ ﬁ_
A LA ﬁy N \ Nz L 2 n:r A FA L
- 0> € £ NEN e B EN L @Pu

Z1 I &



NACA TN No. 1408 Fig. 6

3
2600 - 3000 3500 4000 4500
G ! I ST N
(c} 4 frames before knock.
*
27 frames after knock.
(h)] 46 frames after knock.
Figure 6. - Absorption spectrograms of combustion gases
during knocking cycle in NACA (spark-ignition) combustion
N apparatus. ! frame, 25 microseconds; absorption path
) length, 2 inches.
. NACA
C-14625
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Figure 8. - Spectrogram and microphotometer record of identified |lnes and bands.
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